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ABSTRACT
Galaxy clusters are known to induce gas loss in infalling galaxies due to the ram pressure
exerted by the intracluster medium over their gas content. In this paper, we investigate this
process through a set of simulations of MilkyWay like galaxies falling inside idealised clusters
of 1014 M⊙ and 10
15 M⊙ , containing a cool-core or not, using the adaptive mesh refinement
code RAMSES. We use these simulations to constrain how much of the initial mass contained
in the gaseous disk of the galaxy will be converted into stars and how much of it will be lost,
after a single crossing of the entire cluster.We find that, if the galaxy reaches the central region
of a cool-core cluster, it is expected to lose all its gas, independently of its entry conditions and
of the cluster’s mass. On the other hand, it is expected to never lose all its gas after crossing
a cluster without a cool-core just once. Before reaching the centre of the cluster, the SFR of
the galaxy is always enhanced, by a factor of 1.5 to 3. If the galaxy crosses the cluster without
being completely stripped, its final amount of gas is on average two times smaller after crossing
the 1015 M⊙ cluster, relative to the 10
14 M⊙ cluster. This is reflected in the final SFR of the
galaxy, which is also two times smaller in the former, ranging from 0.5 – 1 M⊙ yr
−1, compared
to 1 – 2 M⊙ yr
−1 for the latter.
Key words: galaxies: clusters: general – galaxies: evolution – galaxies: ISM – galaxies: star
formation – galaxies: interactions – methods: numerical
1 INTRODUCTION
Galaxy clusters are among the highest density environments in
which galaxies in the universe can evolve. Both star formation and
nuclear activity depend on the local density (e.g. Kauffmann et al.
2004), with the inner region of clusters representing the low end of
both. Galaxies in clusters are also morphologically different from
those in lower density environments, being predominantly early-
type (Dressler 1980). Both these factors are related to the higher
fraction of red galaxies in galaxy clusters (Baldry et al. 2006).
Clearly, understanding the effect of clusters in the evolution of
galaxies is a key ingredient in understanding how galaxies in the
universe evolve (for a review on the effect of environment on galaxy
evolution, see Boselli & Gavazzi 2006).
Of particular interest is the study of the interaction between
gas-rich, disk galaxies and the intracluster medium (ICM) of galaxy
clusters. The ram pressure exerted by the ICM removes part of the
gas in the disk of the galaxy, starting from its less gravitationally
bound outer regions (Gunn & Gott 1972). This process is called
ram pressure stripping (RPS), and radio/optical observations of
nearby galaxy clusters show evidence that it results in galaxies
with truncated HI disks embedded in untruncated stellar disks – for
instance in Virgo (Koopmann & Kenney 2004; Crowl & Kenney
2008) and in Coma (Kenney et al. 2015). A timescale of. 1 Gyr is
required for the RPS to remove the galaxy from the blue cloud, but
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at least a few Gyr are necessary for it to reach the red sequence as a
result of the quenching of star formation (Cortese & Hughes 2009).
However, the hot gaseous halo of the galaxy is removed within a
much shorter timescale, of ∼100 Myr (Steinhauser et al. 2016).
The gradual removal of gas associated withmoderate ram pres-
sure cases may be the most relevant mechanism for morphological
change in galaxy clusters (van der Wel et al. 2010). However, some
galaxies experience more extreme ram pressure scenarios, due to a
combination of high velocities relative to the ICM and high ICM
densities, causing a violent stripping of gas from theirs disks. This is
often associated with “jellyfish” morphologies, in which the galaxy
is observed with a system of gaseous clumps and filaments emerg-
ing from the disk and forming a tail behind it. Recently hundreds
of such “jellyfish galaxies” have been discovered by applying a
machine learning algorithm to Hubble images (McPartland et al.
2016). With this larger statistical sample, it has been possible to in-
fer that these extreme ram pressure cases might be preferably found
inmerging clusters, and not in virialised clusters gradually accreting
galaxies from filaments. The vigorous star formation taking place
in the compressed gas of some jellyfish galaxies temporarily turns
them in some of the most luminous galaxies in the entire cluster
(Ebeling et al. 2014).
The processing of gas by rampressure gives rise to a population
of galaxies which have distinct features relative to the ones which
haven’t been near the cluster centre yet. These galaxies are nick-
named “backsplash galaxies” (e.g. Pimbblet et al. 2006; Pimbblet
2011), and they systematically are redder have older stellar popula-
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tions than galaxies which are infalling for the first time in the cluster
(Muriel & Coenda 2014). Numerical simulations have shown that
half the galaxies which currently reside between 1 – 2 virial radii
of the host galaxy cluster are backsplash galaxies (Gill et al. 2005),
evidence that they represent a fundamental component of the galaxy
population in clusters.
Many numerical simulations have been run to investigate
in detail the process of ram pressure stripping. These simula-
tions have considered its role in generating S0 galaxies in clus-
ters (Farouki & Shapiro 1980; Abadi et al. 1999), showing that they
could be ram pressure stripped spiral galaxies (Quilis et al. 2000, al-
though, for example, Johnson et al. (2016) argue that multiple tidal
interactions between falling spirals and cluster members may still be
required to form low specific angular momentum galaxies such as
S0s). They have also shown that the rate of gas loss weakly depends
on the inclination angle of the disk (Roediger & Brüggen 2006);
that the star formation rate of the galaxy can increase by up to a
factor of 3 because of the compression provided by the ram pressure
(Kronberger et al. 2008), although this increase can be smaller if a
stellar bulge is present (Steinhauser et al. 2012); that the tail mor-
phology, but not the rate of gas loss, is affected by both the pres-
ence of magnetic fields (Ruszkowski et al. 2014; Tonnesen & Stone
2014) and viscosity (Roediger & Brüggen 2008); and that the mean
ram pressure experienced by galaxies within the virial radius of
a cluster increases with redshift (Tecce et al. 2010). Cosmological
simulations of galaxy cluster formation have also shown that RPS
happens for small cluster radii (< 1Mpc) and on a timescale of more
than 1 Gyr (Tonnesen et al. 2007); that for a given cluster radius,
the ram pressure experienced by galaxies can change by an order of
magnitude, in equal parts because of ICM substructure and of differ-
ent relative velocities between the galaxy and the surrounding gas
(Tonnesen & Bryan 2008); and that the ram pressure experienced
by galaxies infalling from filaments may be up to two orders of
magnitude larger (Bahé et al. 2013). In terms of metal enrichment
of the ICM, RPS has been shown to relevant essentially at the core
of the cluster, and little at its periphery (Domainko et al. 2006).
Most ram pressure simulations in the literature involve submit-
ting a galaxy to uniform winds, without taking into account changes
in wind velocity, density and temperature as the galaxy orbits the
cluster. Although these simulations establish and characterise the
possible regimes of ram pressure stripping, predicting the state of
a galaxy after it crosses a real galaxy cluster based on them is not
straightforward. A way to self consistently take these changes into
account is to include a whole idealised cluster in the simulation,
in which the galaxy falls. Not many simulations like that have ever
been run (some examples are Roediger & Brüggen 2007; Bekki
2014; Steinhauser et al. 2016).
Our goal in this paper is to create a comprehensive picture for
what changes a disk galaxy is expected to undergo after it crosses
a realistic galaxy cluster. For this, we setup a grid of simulations
in which a Milky Way like galaxy falls radially into four different,
representative galaxy clusters: the total mass is either 1014 M⊙ or
1015 M⊙ , and the density profile for the ICM either contains a
cool-core or not. In order to also make the entry conditions for the
galaxy representative, and thus cover a wide range of ram pressure
intensities, we include three different entry speeds (0.5σ, σ and
2σ, where σ is the velocity dispersion of the cluster), and three
different orientation angles between the normal to the disk’s plane
and its direction of motion (0◦, 45◦ and 90◦). This choice of free
parameters leads to 36 different scenarios – significantly more than
what previous models which included a whole cluster have covered.
With these simulations, we predict how much of the initial gas mass
of the galaxy can be turned into stars and how much can be lost as
a function of the free parameters, and well as how its star formation
rate will change over time.
This paper is structured as follows. In Section 2 we describe
the methodology and the setup of our simulations; in Section 3 we
describe the results, focusing on what happens to the initial gas disk
after the cluster is crossed in each scenario; and in Section 4 we
discuss our results in terms of both previous numerical models and
observational results in the literature, and summarise.
2 SIMULATIONS
In order to constrain the transformations a disk galaxy will undergo
after falls into a galaxy cluster and crosses it, we setup simulations
of a Milky Way like galaxy falling radially into a set of idealised
clusters in hydrostatic equilibrium, starting from a set of different
entry conditions.
2.1 Numerical methods
Our simulations use the Adaptive Mesh Refinement (AMR) code
RAMSES (Teyssier 2002). This code solves the Euler equations
for hydrodynamics in a dynamically refined cubic mesh using a
second order Godunov scheme, and in the case of our simulations
by applying the HLLC Riemann solver.
We have introduced two modifications in the code for the pur-
poses of this study. The first is the introduction of an external poten-
tial in the simulation box, representing the dark matter halo of the
galaxy cluster, which as we will describe in Section 2.2 is the only
component of our simulations represented externally. The second is
the introduction of a cooling switch in the central region of the box,
defined as a sphere with a user-provided radius, with the purpose of
only allowing the cluster’s core to cool in the short time window of
the simulation when the galaxy is actually within it, thus preventing
the high cooling rate of this region from causing a cooling-flow.
Cooling is always enabled outside this region, and inside it is dis-
abled both at the beginning and at the end of the simulation. It is
only enabled there for tcool,1 < t < tcool,2, where tcool,1 and tcool,2
are user-provided times. For our simulations, we calculate these
times by integrating the galaxy’s orbit in the total cluster potential
numerically, and by picking the time when the centre of the galaxy
is 20 kpc from reaching the central region and the time when it
is 20 kpc past it, to ensure that cooling is always enabled in the
surroundings of its disk. The way we define the radius of the central
region is described in Section 2.3.
Our simulation box has a side length of 16 Mpc, and is refined
up to 16 levels of refinement, resulting in a maximum resolution of
244 pc. The boundary conditions are periodic, and the box has been
verified to be large enough for no apparent boundary effects to be
taking place in it. In order to assess the numerical robustness of our
results, we also include one simulation with an additional level of
refinement, resulting in a maximum resolution of 122 pc.
We chose to employ two refinement criteria at once for the
grid cells in our simulations. A cell is refined if it contains more
than 80 particles, or if its size exceeds the local jeans length divided
by 173. The former ensures that the dark matter halo of the galaxy
will be resolved, and that its stellar disk will be resolved even if all
its gas is lost. This is possible because the criterion considers both
the star particles in the galaxy (which include its stellar disk and
bulge, described in Section 2.2) and its dark matter halo particles.
The criterion applies specifically to the galaxy, as the cluster doesn’t
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have any live collisionless component. The latter was empirically
found to force all the gaseous disk of the galaxy to be refined up
to the maximum level of refinement, while keeping the ICM in
equilibrium, but not as heavily resolved as it would if a simple
mass-based criterion was used, thus greatly saving computational
resources.
Radiative cooling is included in the simulations assuming a
constant metallicity of 1 Z⊙ throughout the whole box. This value
is representative of the Milky Way’s ISM (Bergemann et al. 2014),
and since by design the dynamics of the ICM in our clusters is not
affected by cooling, the exact value of the metallicity outside the
gaseous disk of our galaxy is not relevant. Recipes for star formation
and feedback by supernovae are also included. Star formation hap-
pens in a cell if its density exceeds a threshold of ρ0 = 0.1 H/cm
3,
with the star formation rate Ûρ⋆ given by a Schmidt law (Schmidt
1959):
Ûρ⋆ = ǫ
ρgas
tff
, where tff is the local free-fall time. (1)
We choose a value of 1% for the star formation efficiency per
free-fall time ǫ , which is similar to values derived from observations
of young stellar objects in the Milky Way (Krumholz & Tan 2007).
In the cells which are flagged for star formation, the equation of
state ceases to be that of an ideal gas and becomes a polytrope, in
order to account for sub-grid thermal and turbulent motions in the
ISMwhich would otherwise prevent the temperature of the gas from
dropping too much (Teyssier et al. 2011):
T = T0
(
ρgas
ρ0
)κ−1
. (2)
For the free parameters in this equation of state we pick T0 = 10
4 K
(as in Teyssier et al. 2011) and κ = 2 (which is a widely used value,
e.g. Bieri et al. 2015). These parameters combined with those of
the star formation recipe lead to an initial SFR of 1.9 M⊙ yr
−1 for
the galaxy when it is simulated in isolation, close to observational
values derived for the Milky Way (Robitaille & Whitney 2010).
Feedback by supernovae is included using the thermal feedback
recipe available in RAMSES,which takes into account the release of
mass and energy by SNe II. This recipe depends on a free parameter
η, which is the mass fraction of newly formed stars that explode as
supernovae, and which we choose as 10% following Teyssier et al.
(2013).
2.2 Initial conditions
The initial conditions for the isolated galaxy and isolated clusters in
our simulations were generated using the codes galstep1 and clus-
tep2, respectively. Both these codes output the initial conditions as
binary files in the entry format of the code GADGET-2 (Springel
2005). These isolated initial conditions are concatenated consider-
ing the initial position of the galaxy, which is at the R200 of the
cluster in all cases, defined as the radius within which the average
density of the cluster is equal to 200 times the critical density of the
universe – taken at the present time and using the Planck 2015 cos-
mological parameters (Planck Collaboration et al. 2016); as well as
its entry speed and the orientation of its disk, generating the initial
conditions that are used in our simulations. These initial conditions
1 https://github.com/ruggiero/galstep
2 https://github.com/ruggiero/clustep
in the GADGET-2 format are directly read into RAMSES using the
DICE patch3 included in the code, which transfers the particles into
the RAMSES particle tree and transfers the mass of the gas particles
to the corresponding AMR cells using a Nearest Grid Point (NGP)
scheme.
The galaxy consists of a darkmatter halo, a stellar disk, a stellar
bulge and a gaseous disk. A gaseous halo is not included because,
in a RPS scenario, it is expected to be stripped in a short timescale
(∼100 Myr, Steinhauser et al. 2016), therefore not significantly af-
fecting the star formation rate in the galaxy’s disk. Both the dark
matter and the bulge follow a Hernquist density profile (Hernquist
1990):
ρ(r) =
M
2π
a
r
1
(r + a)3
, (3)
where M is the total mass of the component and a is a scale fac-
tor. This profile is similar to the NFW profile for dark matter halos
(Navarro et al. 1996), with the advantage that its total mass is fi-
nite. We chose M = 1012 M⊙ for the dark matter and M = 10
10
M⊙ for the bulge. The value of a is defined following the relation
between M200 (the mass within R200) and concentration for dark
matter halos of Duffy et al. (2008). For this we use the following
procedure. For a given value of a, we calculate the M200 associated
with the Hernquist profile with M = 1012 M⊙ and this value of a.
Then, we find the NFW profile associated with this M200 using the
Duffy et al. (2008) relation. Finally, we compute distance between
the two profiles, measured as the χ2 for a large sample of points
with 0 Mpc < r 6 2.5 Mpc. The parameter a is optimised to min-
imise this distance. This procedure results in a value of a = 47 kpc
for the halo. For the bulge, we chose a = 1.5 kpc, corresponding to
an effective radius of 3.6 kpc.
Both disks follow an exponential density profile:
ρ(R, z) =
M
4πR2
d
z0
exp
(
−
R
Rd
)
sech2
(
z
z0
)
. (4)
The mass of the stellar disk is 5 × 1010 M⊙ , and the mass of the
gaseous disk is 20% of this value, 1 × 1010 M⊙ . The radial scale
Rd is the same for both disks, and is equal to 3.5 kpc. The vertical
scale z0 is 0.7 kpc for the stellar disk, and 2.5% of this value for
the gaseous disk. The initial temperature of the latter is 104 K,
which is a typical value for the warm ionised medium of the Milky
Way (Ferrière 2001). The initial values for the vertical scale and the
temperature of the gaseous disk are such that, right at the beginning
of the simulation, the radiative cooling makes it settle with a vertical
scale equal to twice the smallest cell size and a temperature of .
104 K.
Velocities are assigned using the prescription found in
Springel et al. (2005). One free parameter of this approach is the
scale factor fR ≡ σ
2
R
/σ2z , which defines the radial velocity disper-
sion of the disk at each point once its vertical velocity dispersion in
this point has been calculated. We choose fR = 0.8 in our model,
which results in a relatively stable disk when the galaxy is simulated
in isolation.
The clusters contain a dark matter halo and a gaseous compo-
nent, with 10% of the total cluster mass in all cases – which is a
rather typical gas mass fraction for galaxy clusters with mass above
1014 M⊙ (Laganá et al. 2013). The dark matter halo is represented
3 https://bitbucket.org/vperret/dice/wiki/RAMSES%20simulation
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by an external potential introduced in RAMSES, which drastically
reduces the number of particles in the simulation and thus its com-
putational cost, while keeping the orbit of the galaxy realistic. The
density profile for the dark matter is a Hernquist density profile,
with the scale factor a chosen using the same procedure we have
described for the halo of the galaxy, using the Duffy et al. (2008)
relation. The gas follows a Dehnen density profile (Dehnen 1993):
ρ(r) =
(3 − γ)M
4π
a
rγ(r + a)4−γ
. (5)
The value of a for the gas is always equal to the value of a of its dark
matter halo, for simplicity. Temperatures are assigned to the gas to
ensure hydrostatic equilibrium, and the ICM is assumed static – no
velocities are assigned to the gas particles. We consider two values
for the parameter γ, namely γ = 0 and γ = 1. If γ = 1, then the
density profile corresponds to a Hernquist density profile, which has
a central cusp, andwhich features a drop in temperature in the central
region. We associate this density profile with a “cool-core” type of
cluster. If γ = 0, the density profile is flat in the central region and
features no drop in temperature, qualitatively resembling a β-model
(Cavaliere & Fusco-Femiano 1976) for the ICM. We associate this
density profile with a cluster without a cool-core.
The mass resolution for the collisionless components of the
simulations is 5 × 105 M⊙ . This results in 2 × 10
6 particles in the
dark matter halo of the galaxy, 1×105 particles in its stellar disk and
4 × 104 particles in its bulge. The gas particles are only considered
when the initial conditions are read, as their mass is transferred into
the AMR grid cells. In order to get a good spatial coverage of the
gas particles in the initial conditions and not leave many grid cells
unfilled, we include a high number of gas particles in the initial
conditions, namely 107 in each galaxy cluster and 2 × 106 in the
galaxy’s disk.
2.3 Parameter space
We chose to consider four free parameters for the interaction be-
tween the galaxy and the clusters in this study: the mass of the
cluster, which is either 1014 M⊙ or 10
15 M⊙ ; whether or not the
density profile of the ICM exhibits a cool-core, which as described
before we associate with γ = 1 (cool-core) or γ = 0 (no cool-core)
in the Dehnen density profile assigned to the gas component; the
entry speed of the galaxy, which is either 0.5σ, σ or 2σ, where σ
represents the velocity dispersion of the cluster, calculated as the
standard deviation of the speeds of the dark matter particles con-
tained within R200; and the orientation of the disk of the galaxy,
which is either 0◦ (face-on), 45◦ or 90◦ (edge-on). We note that the
galaxy always falls radially, which is not the result of an assumption
on the velocity distribution of the galaxies in the clusters we are
modeling, but merely a way to explore a wide range of scenarios in
which ram pressure is significant.
Table 1 lists the R200, the velocity dispersion and the radius
within which cooling is initially switched off for each cluster we are
considering in this study. These radii are chosen by simulating each
cluster in isolation for the time it takes the galaxy with the slowest
initial speed (0.5σ) to cross it, and by inspecting up to what radius
the gas radial density profile was altered due to the cooling-flow.
We note that no cooling-flow takes place in the cluster with 1015
M⊙ and no cool-core during this time.
Table 1. The properties of the clusters considered in this study.
Mass (M⊙) cool-core R200 (kpc) σ (km/s) rcool (kpc)
1014 yes 805.1 352.5 100
1014 no 796.5 344.8 150
1015 yes 1679.0 713.2 50
1015 no 1657.9 697.0 –
3 RESULTS
In order to calculate quantities associated to the disk of the galaxy at
each snapshot of the simulation, we considered a cylinder of radius
20 kpc and height 10 kpc placed at the centre of mass of its initial
star particles, and oriented considering the entry angle of the galaxy
in each simulation. This cylinder includes all cells belonging to the
disk of the galaxy, but it also includes cells belonging to the ICM,
and these two must be disentangled. Gas cells in the cylinder are
assumed to belong to the galaxy if their temperature is below 106
K – which is a temperature that the dense disk of the galaxy can’t
reach, given its high cooling rate; and if their velocity along the
direction of motion of the galaxy is within 5 standard deviations of
the average of the velocities of the initial stellar disk in that direction.
By analysing the velocity distributions of the galaxy, this has been
verified to include all stars and gas cells in the disk, while excluding
components with velocities close to 0, which would necessarily be a
part of the ICM. Likewise, star particles in the cylinder forwhich this
velocity criterion is satisfied are assumed to belong to the galaxy,
thus disconsidering any eventual star formation happening at the
ejected tail of the galaxy. The stars which belong to the disk of the
galaxy itself remain attached to it during the whole simulation.
We have chosen to marginalise the entry angle of the galaxy
throughout all our analysis, as previous work have characterised its
effect in details (e.g. Roediger & Brüggen 2006). Instead, we use
the different entry angles to provide statistical significance to our
results. Figure 1 shows how much of the original gas mass of the
galaxy remains attached to it after a single crossing of the cluster,
considering only the gas in ISM form, and not the gas mass that was
converted into stars. The central values displayed in each square are
the averages for the three entry angles, and the values in parenthesis
represent the minimum and maximum values for these. It can be
noted that, regardless of entry conditions or cluster mass, little to
no ISM is expected to remain in the galaxy if it crosses the central
region of a cool-core cluster.
On the other hand, for the cluster without a cool-core, the
galaxy is expected to never lose all its gas content after a single
crossing of the cluster. As our simulations only include radial or-
bits, which among all possible orbits are the ones that reach the
highest speeds and highest ICM densities (and hence highest ram
pressure values), the values we present represent lower bounds for
the remaining gas mass after a single crossing. Clearly, this gas mass
is dependent on the cluster mass – a 1015 M⊙ cluster removes on
average a factor of two more gas than a 1014 M⊙ cluster.
A similar analysis has been carried out to calculate how much
of the initial gas mass in the galaxy is converted into stars after a
crossing of the cluster, as displayed in Figure 2. The most prominent
pattern is that a cluster with a cool-core is less efficient at forming
stars than a cluster without one. The ram pressure stripping process
is more efficient in the cool-core clusters, making the galaxy lose
its gas faster, and consequently rendering it unable to keep its star
formation steady over the entire orbit. Indeed, after the central pas-
sage, when the galaxy loses all its gas, the SFR evidently drops to
zero in the cool-core cluster.
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52%
(45 − 63)
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(16 − 28)
23%
(16 − 32)
29%
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 
core
Figure 1. Gas mass in the galaxy after a single crossing of the cluster, as a
function of velocity (x-axis), which is given in terms of the velocity disper-
sion of the cluster; and of cluster mass in M⊙ (y-axis). The central values
represent averages for the three entry angles, and the values in parenthe-
sis the minimum and maximum values for these. Clusters with a cool-core
typically leave the galaxy without any gas after a single crossing, contrary
to what happens in a cluster without one. For the latter, the gas mass that
remains in the galaxy decreases on average by a factor of two when the mass
of the cluster goes from 1014 M⊙ to 10
15 M⊙ .
The global picture for the process of gas loss can be inferred
from Figure 3, and is the following. In all scenarios, the galaxy will
lose gas as it falls into the cluster, as a result of both star formation in
the absence of a coronal supply of gas and of ram pressure stripping.
In the very beginning of the orbit, when the galaxy is still in the
outskirts of the cluster, the ram pressure is weak and the rate of
gas loss is dominated by the star formation, hence the similar initial
derivatives for all curves. As the galaxy approaches the centre of
the clusters, the ram pressure increases more quickly for a cool-core
cluster, and so does the rate of gas loss. As can be seen in Figure 4,
the SFR of the galaxy does not change too drastically in any case,
so that the larger rate of gas loss in the cool-core cluster has to be
caused by a larger rate of gas stripping, and not of star formation.
It can be noted from Figure 4 that all galaxies have their star
formation rate enhanced initially, before reaching the centre of the
clusters. The ratio between themaximum SFRof the galaxies before
reaching the centre of the clusters and their initial SFR ranges from
1.5 to 3, with an average value of 2.0 that does not depend on cluster
mass or density profile. For the galaxies which are not completely
stripped, i.e. the ones that cross the cluster without a cool-core, the
final SFR after having crossed the cluster range from 1 – 2M⊙ yr
−1
1014
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27%
(23 − 33)
21%
(19 − 23)
16%
(13 − 17)
24%
(21 − 26)
20%
(18 − 22)
14%
(11 − 16)
Gas mass converted into stars with coolcore
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50%
(45 − 57)
45%
(40 − 51)
34%
(32 − 38)
39%
(35 − 42)
34%
(27 − 39)
27%
(23 − 31)
Without cool core
Figure 2. The same as Figure 1, but for how much of the initial gas mass in
the galaxy is turned into stars after a single crossing of the cluster. Overall,
more gas is converted into stars in clusters without a cool-core, because the
ram pressure in these is less intense, leaving the galaxy with gas to form
stars for longer.
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Figure 3. Gas mass in our galaxies as a function of time, normalised by how
long it takes for each galaxy to cross the cluster. Initially the rate of gas loss
is similar for all galaxies because it is dominated by star formation, but it
increases more drastically over time for the cool-core clusters, resulting in a
complete stripping of the gaseous disk.
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Figure 4. Similar to Figure 3, but for the star formation rate of the galaxies
as a function of time. In the cool-core clusters, the SFR drops to zero after
the central passage because all the gas is lost. The SFR initially increases by
a factor of 1.5 – 3 for all galaxies.
for the 1014 M⊙ cluster, with an average of 1.5 M⊙ yr
−1; and from
0.5 – 1 M⊙ yr
−1 for the 1015 M⊙ cluster, with an average of 0.7
M⊙ yr
−1. This factor of two between the two star formation rates
is expected, as the 1015 M⊙ cluster removes on average a factor of
two more gas than the 1014 M⊙ cluster.
An illustrative view of the process of gas loss modeled in our
simulations can be seen in Figure 6. All the displayed galaxies are
crossing the 1014 M⊙ cluster with an initial speed equal to σ. The
top three ones are crossing the cool-core version cluster, and lose
all their gas mass after the central passage. The lower three galaxies
are crossing the version without a cool-core, and after crossing the
cluster they have their gas radius truncated, but without losing all
their gas mass. We note that the 1015 M⊙ version of this plot is
qualitatively equivalent to what we display here.
Numerical convergence
The output of hydrodynamic simulations is subject to convergence
issues if not enough resolution is used to follow the flow. In partic-
ular, numerical diffusion in the AMR method might be significant
if the resolution is too low. Thus, in order to assess how robust our
results are, we ran two tests. The first was to run one of our 36
simulations with an additional level of refinement, resulting in a
resolution of 122 pc in the disk of the galaxy. For this test, we chose
the simulation with a 1014 M⊙ cluster without a cool-core, in which
a galaxy falls face-on with a speed equal to 2σ. The highest entry
speed was chosen because, if numerical diffusion is present, it will
be strongest in this case, and the no cool-core cluster was chosen
because in the cool-core version the galaxy would lose all its gas in
the central passage regardless of resolution, rendering the test less
informative.
The result of our test is summarised in Figure 5. It can be noted
that the initial star formation rate increase is more accentuated in
the high resolution run, probably because this simulation is able to
capture a higher compression of the gaseous disk. The final amount
of gas in the high resolution run is smaller, mainly because more
gas is lost in this case during the central passage. This happens
because the stripped gas fragments in smaller clouds in the high
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Figure 5. Test of the numerical convergence of our results. The galaxy
falling face-on, with an initial speed of 2σ (the highest one) into the 1014
M⊙ cluster without a cool-core was resimulated with a two times higher
resolution, reaching 122 pc. A larger initial increase in the SFR of the
galaxy is noticed in the high resolution run. The amount of gas lost is also
somewhat higher in this run, with a final difference of 10% of the initial gas
mass. The final SFR is similar in both cases.
resolution run, which are more efficiently mixed with the ICM
and don’t manage to leak back into the galaxy, like some larger
clouds present in the standard resolution run do. The infall of these
larger clouds causes an increase in the gas content of the standard
resolution galaxy shortly after the central passage, as observed in
left panel of Figure 5, which is when the difference between the
two runs arises. However, the final difference is of only 10% of the
initial gas mass in the disk, indicating that our results are at most
mildly overestimating the final amount of gas in the galaxies. The
final SFR is very similar in both runs.
The second test we considered was to place the galaxy stopped
at the centre of the same cluster as in the previous test, and let it
evolve without star formation or radiative cooling for the same time
as the crossing time of the galaxy in that test, in order to assess
how much gas will be lost by numerical diffusion alone. Initially the
potential of the cluster destabilises the galaxy, but after that it settles
in a state of equilibrium. The rate of gas loss of the settled galaxy
is of 0.04 M⊙ yr
−1, which over one crossing time would result in
only 0.7% of its gas content being lost. Thus, we rule out numerical
diffusion as a relevant cause of gas loss in our simulations.
4 DISCUSSION AND SUMMARY
Qualitatively, the changes in gas morphology we find in our sim-
ulations are within what would be expected, considering observa-
tions of real clusters (e.g. Koopmann & Kenney 2004) and classical
models (Gunn & Gott 1972) – the gaseous disk either has its radius
truncated or is completely stripped, depending on the ram pressure
encountered by the galaxy along its orbit. One illustrative example
is the galaxy in the last row of Figure 6. It is falling face-on, so
that the stripping criterion of Gunn & Gott (1972) may be applied.
The criterion states that the ram pressure must be smaller than the
gravitational restoring force per unit area of the disk of the galaxy:
ρICMv
2 < 2πG ΣgasΣstars, (6)
where Σ is the projected density, in our case given by the integral
of Equation 4 for all values of z. For this galaxy, one finds that in
the central passage its gaseous disk is expected to be truncated at a
radius of 4.1 kpc. In the central panel of Figure 6, the galaxy has a
radius of∼3 kpc, close to the predicted value. It is not surprising that
this radius is smaller than predicted, as the galaxy has gas converted
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into stars before reaching the centre of the cluster. If the gas mass
that was converted into stars is m, then, considering Equation 4,
ΣgasΣstars ∝ (Mgas,0 − m)(Mstars,0 + m), (7)
where the subscript 0 denotes the initial values. If Mstars,0 > Mgas,0,
which is the case for our galaxy and for late-type galaxies in general,
then the product in Equation 7 is maximum for m = 0, therefore
rendering the Gunn & Gott (1972) prediction an upper bound for
the stripping radius.
In the following two panels, this galaxy has the radius of its
gas disk noticeably increased. This is because even if the ram pres-
sure manages to push the gas away from the disk in the central
passage, this gas may still be bound to the total potential well of
the galaxy just after the central passage, when the ram pressure it
experiences suddenly decreases. This is analogous to the backfall
Roediger & Brüggen (2007) have observed in their simulations.
The criterion in Equation 6 explains why the cool-core clusters
are capable of removing all the gas from the galaxy in just one cross-
ing, while the clusters without a cool-core are not. The gas density in
the central region of the former clusters considered in this study is 2
– 3 orders of magnitude higher than in the latter, and consequently
so is the ram pressure experienced by the galaxy. One particular
observational example which can possibly be better understood by
this result is the Virgo cluster, which generally seems to not be capa-
ble of completely stripping its member galaxies (Crowl & Kenney
2008). As the Virgo cluster does not contain a cool-core, this could
be one of the factors at play that prevented its galaxies from having
been more stripped more efficiently. Of course this would be one
of many possible factors, as e.g. ICM substructure away from the
centre of the cluster can also be relevant (Tonnesen & Bryan 2008).
We emphasise that all the orbits considered in our model are
radial, while in reality galaxies move inside of galaxy clusters with
impact parameters different from zero. But our model can also be
used to understand non-radial cases, as a real galaxy falling inside
a cool-core galaxy cluster with a non-zero impact parameter will
encounter a density profile similar to what our galaxies falling into
a cluster without a cool-core find – with an increase in density
that doesn’t reach the central peak. In terms of global properties,
statistically some of the galaxies in a cluster will have orbits that
penetrate deep into its potential well (e.g. by infalling with a small
impact parameter), and these galaxies will go through amore drastic
ram pressure stripping event in case they encounter a cool-core at
the centre of the cluster. This population of galaxies will cause a
difference in the averaged properties of the galaxies in clusters with
and without a cool-core.
In terms of star formation, the results found in our simula-
tions are similar to what previous models in the literature have
found for the SFR, such as Fujita & Nagashima (1999), who show
that ram pressure can increase the SFR by up to a factor of two,
and Kronberger et al. (2008), who show that it can increase by up
to factor of three. The timescale for the star formation to cease
we find is also consistent with previous observational results, like
Cortese & Hughes (2009), who infer a timescale of at least a few
Gyr. Our galaxies take typically 1 – 2 Gyr to cross the clusters, and
unless a galaxy falls radially into a cool-core cluster, after this time
it will still be forming stars, as our results for the cluster without a
cool-core show.
Based on our results on star formation, we infer that back-
splash populations are sensitive to the presence of substructure in
the galaxy cluster, and should feature consistently lower star forma-
tion rates in cool-core galaxy clusters, relative to clusters without
a cool-core. One way to test this hypothesis would be to compare
the backsplash populations in a sample of cool-core galaxy clusters
stacked together with the populations in a stacked sample of clusters
without a cool-core, assuming both samples are equivalent in terms
of other variables which might affect the ram pressure efficiency,
such as the dynamical state of the cluster, which might result in
systematically larger relative velocities between the galaxy and the
ICM, and thus larger ram pressure values.
What we find in the model we present here can be summarised
as follows. Clusters with a cool-core are capable of stripping gas
much more efficiently than clusters without one. Indeed, a galaxy
that falls radially into a cool-core cluster is expected to lose all its
gas mass after a single crossing of the cluster, while the galaxy will
necessarily have to cross a cluster without a cool-core more than
once to lose all its gas. Star formation is always initially increased
due to ram pressure, by a factor of 1.5 to 3, due to the compression of
the gaseous disk that the ram pressure causes. But this star formation
may end sooner in cool-core clusters, because the gas of the galaxy
can be removed earlier in these clusters. This makes clusters with a
cool-core environments potentially more efficient at quenching star
formation than clusters without one. Galaxies that cross a 1015 M⊙
cluster in orbits that don’t remove all their gas end up with a SFR of
0.5 – 1 M⊙ yr
−1, which is on average two times smaller than after
crossing a 1014 M⊙ cluster, where they end up with a SFR of 1 –
2 M⊙ yr
−1. This factor of two is a consequence of the fact that the
1015 M⊙ cluster removes on average two times more gas from the
galaxy than the 1014 M⊙ cluster.
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